The effective g-factor in In0.53Ga0.47As/In0.52Al0. Transport and quantum electron mobility in the modulation Si δ-doped pseudomorphic GaAs/In 0.2 Ga 0.8 As/Al 0.2 Ga 0.8 As quantum well grown by metalorganic vapor phase epitaxy
We discuss the growth by molecular-beam epitaxy, and studies of the low-temperature electrical properties, of undoped InAs/AlSb quantum wells. The two-dimensional electron gas realized in the wells exhibits high mobility at low temperatures, and an analysis of its Shubnikov-de Haas oscillations suggests this mobility is limited by scattering from remotely located unintentional dopants. Spin splitting of the oscillations is clearly resolved at 4.2 K, revealing a g-factor as large as Ϫ60 at high magnetic fields. The size of this enhancement increases with decreasing electron density, and is thought to reflect the associated increase in the strength of the effective Coulomb interaction. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1504882͔
The InAs/AlSb quantum-well ͑QW͒ system is of great interest for application in high-speed transistors, since the small effective mass for electrons in the InAs well gives rise to high carrier mobility and velocity, and to strong quantization of the electronic energy spectrum. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The large conduction-band offset between InAs and AlSb also results in the formation of a high barrier at the interface between these materials, and so allows for strong confinement of electrons in such QWs. With its much larger g-factor ͑Ϫ15͒ than either Si or GaAs, high-mobility InAs is furthermore of interest in the emerging area of spintronics, where the objective is to develop device structures that exploit the spin degree of freedom of the charge carriers to realize novel functionality.
In this letter, we report on the growth of high-mobility InAs QWs by molecular-beam epitaxy ͑MBE͒, and discuss the results of studies of their low-temperature transport properties. The two-dimensional electron gas ͑2DEG͒ realized in the undoped wells exhibits high mobility at low temperatures ͑р4.6ϫ10 5 cm 2 /Vs at 4.2 K͒, and a study of the Shubnikov-de Haas ͑SdH͒ oscillations in its magnetoresistance suggests this mobility is limited by scattering from remotely located ionized dopants. Spin splitting of the oscillations is clearly resolved at 4.2 K, revealing evidence for a strong enhancement of the g-factor. Our analysis 13 suggests that the value of this parameter can be as large as Ϫ60 at high magnetic fields, and that the size of this enhancement decreases with increasing electron density. This scaling is reminiscent of that found in Si inversion layers, 14 and is thought to reflect the increase in the strength of the effective Coulomb interaction with decreasing density.
Undoped InAs QWs were grown by MBE on ͑100͒ semi-insulating GaAs and p-GaSb substrates. For growth on the GaSb substrates, a 2.4 m GaSb buffer was grown directly on the wafer ͑samples A678 and A679͒. For growth on the GaAs substrates, and in order to accommodate the much larger lattice constant of InAs, metamorphic AlSb ͑or GaSb͒ layers were deposited on a 10 nm AlAs layer, 6 grown on a 200 nm GaAs buffer. The metamorphic growth was initiated with the deposition of 100 nm of AlSb at 570°C, followed by a 2.4 m metamorphic AlSb buffer layer grown at 570°C ͑samples A839 and A856͒, or a GaSb buffer layer grown at 510°C ͑sample B824͒. The smaller lattice constant of the GaSb buffer ͑compared to an AlSb buffer͒ reduces the tensile strain of the InAs QW, while the growth on a GaSb substrate ͑as opposed to a GaAs substrate͒ virtually eliminates the threading-dislocation density in the InAs QW. 5 Although the GaSb is conducting at room temperature, its carriers freeze out at liquid helium temperatures, ensuring that conduction is limited to the InAs QW. For all samples, the GaSb ͑or AlSb͒ buffer was followed by a ten-period GaSb ͑2.5 nm͒/AlSb ͑2.5 nm͒ superlattice grown at 480-490°C, a 12 nm AlSb barrier, a 15 nm InAs QW, a 30-40 nm AlSb, AlGaSb, or AlSbAs barrier, and a 6 nm GaSb cap. The shutter sequences employed at the start and the finish of the InAs QW enabled the formation of InSb-like bonds at both interfaces of the InAs layer. 1 The substrate-heater temperature was decreased by 20°C during the InAs QW growth, in order to achieve a constant substrate temperature ͑480°C͒. The growth rates were 6 nm/min for the InAs and 12 nm/min for the Sbcontaining layers. The Sb:Ga͑Al͒ flux ratio was 1.2:1 for all Sb-containing layers, while the As 2 :In flux ratio was 2.0:1. The different top barriers allow for the formation of symmetric ͑AlSb͒ and asymmetric (Al 0.8 Ga 0.2 Sb) wells, while the (AlSb/AlSb 0.9 As 0.1 ) barrier is expected to yield a reduced hole-leakage current in field-effect structures based on the InAs QW. All layers exhibited mirrorlike surfaces and good surface reconstructions; (1ϫ3) for the ͑Al, Ga͒Sb, and weak (2ϫ4) for the InAs. The parameters of the different samples are listed in Table I .
After growth, the wafers were diced into rectangular bars with approximate dimensions of 15ϫ4 mm 2 , and ohmic contact to the 2DEG layers was made by soldering indium contacts in a Hall-bar arrangement. The samples were then wire bonded into chip carriers, and standard lock-in techniques were used to measure their magnetoresistance at 4.2 K in an immersion-bath cryostat. One of the samples ͑A839͒ was also investigated at temperatures between 0.01 and 8 K, in a dilution refrigerator. In order to avoid unwanted heating effects, the drive current used in all measurements was kept to just a few nA. The samples were cooled in the dark with their contacts grounded, and the measurements reported here were performed without any low-temperature illumination.
In Table I , we summarize the results of measurements of the electrical properties of the QW samples. The table shows that mobilities as high as 4.6ϫ10 5 cm 2 /Vs are achieved at low temperatures, where typical carrier densities (n s ) in the undoped samples are in the range of 5 -7ϫ10 11 cm Ϫ2 . Assuming the usual effective mass for InAs ͑m*ϭ0.024m 0 , where m 0 is the free-electron mass͒, the range of lowtemperature mobilities listed in Table I implies a variation of the relaxation time ͑͒ from 2.5 to 6.3 ps. In Fig. 1 , we show the measured magnetoresistance of four QW samples, and see that spin splitting of the SdH oscillations is apparent at magnetic fields as low as a couple of Tesla. The periodicity of these oscillations yields an estimate for n s that we find to be about 5% smaller than that inferred from the result of Hall measurements ͑Table I͒, indicating the presence of an additional, low-density, channel for conduction. A similar discrepancy was noted in the recent study by Brosig et al., 11 although these authors did not comment on its origin. The difference between the Hall and SdH measurements increases with increasing 2DEG density, leading us to suggest it may result from weak filling of the second subband in the QW. Since beating of the SdH oscillations is not observed in Fig. 1 ͑with the possible exception of the curve for sample A839͒, the mobility in this second subband appears to be very low.
By analyzing the line shape of the SdH oscillations at low magnetic fields, 15 it was possible to determine the value of the quantum lifetime ( q ), which essentially corresponds to the total electron scattering rate. Once again assuming the bulk effective mass for InAs, the value of q is found to vary from 0.1 to 0.2 ps in the different samples ͑Table I͒, yielding a corresponding ratio / q ϳ25-55 ͑Table I͒. Such large values for this ratio are usually associated with scattering from the long-range potential established by remotely located ionized dopants, and are consistent with current opinion on these structures, which suggests that their carriers originate in the barriers, or are provided by surface or interface states. 3, 5 In Fig. 2 , we show the influence of temperature on the magnetoresistance of one of the samples, and see that the SdH oscillations become increasingly resolved with decreasing temperature. In spite of this, however, our analysis indicates that the values of and q do not change significantly over the same temperature range. This observation is consistent with our earlier assertion that the mobility is limited by scattering from remotely located ionized dopants. 16 With the SdH oscillations resolved, it is possible to obtain an estimate for the effective g-factor from the magnitude of their spin splitting. The approach we employ here is discussed in detail in Ref. 13 , where it was noted that the magnetic fields (B N Ϯ ) at which the spin-resolved maxima in the SdH oscillations occur are defined by
where N L is the Landau-level index, g* is the effective g-factor, and B is the Bohr magneton. In Fig. 3 , we plot the variation of the g-factor ͓determined from Eq. ͑1͔͒ with magnetic field for three different QWs. The oscillations in this figure are associated with the depopulation of successive, spin-resolved, Landau levels, which causes a modulation of the strength of the exchange interaction known to give rise to the g-factor enhancement. 17 This interaction is weakest when the Fermi level lies between two different Landau levels, but is maximal when it lies between the spin-resolved subbands of any Landau level. 17 The oscillations of the g-factor shown in Fig. 3 are indeed consistent with these arguments, and we furthermore note that the oscillation minima correspond, roughly, to the bulk g-factor in InAs ͑dotted line͒. It is clear from Fig. 3 that there is a sample-dependent variation of the g-factor enhancement, and in the inset to Fig. 2 we plot the variation of the maximum g-factor with the electron density. ͑The data point at 9.3ϫ10 11 cm Ϫ2 was obtained in measurements of an InAs/AlGaSb heterojunction, featuring a 15 nm InAs QW. 18 ͒ The g-factor enhancement clearly decreases with increasing carrier density, and a similar effect has been found in studies of Si inversion layers, 13 where it has been argued to result from a decrease in the strength of the effective Coulomb interaction with decreasing density. 19 To the best of our knowledge, however, this effect has not been studied previously in the InAs/AlSb QW system.
In conclusion, we have discussed the MBE growth, and low-temperature electrical characterization, of undoped InAs/AlSb QWs. The 2DEG realized in the wells exhibits high mobility at low temperatures, and an analysis of its SdH oscillations suggests this mobility is limited by scattering from remotely located unintentional dopants. Spin splitting of the oscillations is clearly resolved at 4.2 K, revealing a g-factor as large as Ϫ60 at high magnetic fields. The size of this enhancement increases with decreasing electron density, and is thought to reflect the associated increase in the strength of the effective Coulomb interaction. 
